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including  the development of  oil  and gas  reservoirs  and  carbon  geo‐sequestration.  It  is  intuitively 
understood  and  experimentally  confirmed  that  hydroxylated  quartz  surface  is  hydrophilic.  By 













over  geological  time  scales  1‐2.  Hydroxylation  and  chemisorption  of  hydrocarbons  with  following 
change  in wettability  is  thus expected and was demonstrated experimentally  3. Because of natural 
abundance  of  quartz  its  wettability  is  of  primary  importance  for  carbon  geo‐sequestration  and 
recovery of hydrocarbons. 












hydroxylation,  namely  (i)  the  pristine  (no  hydroxyl  groups,  stable  Si‐O‐Si  bridges)  and  (ii)  the 
hydroxylated model. The  ideal  fully hydroxylated  theoretical  silica  surface  is  covered with geminal 
silanol  groups, which  results  in OH group  (or  single  silanol  group)  concentration of 9.4 per nm2  18 
(slightly depends on  calculated/measured  lattice  constants). However,  any  real hydroxylated  silica 
2 
surface (excluding possible contaminations and defects) is a combination of isolated silanols, vicinal 








in  the  Earth's  continental  crust  (the  second  most  abundant  mineral  after  feldspars  with  weight 
concentration  of  12%  22‐23)  and  in  cap  rocks  (more  than  50%  by  weight  1)  makes  it  crucial  for 
characterisation  of  the  overall  wettability  of  real  multi‐mineral  cap  rocks.  In  addition,  sandstone 
reservoirs, mainly made up of quartz, are prime targets for CO2 storage 24. 




measurement  methods.  Out  of  nine  methodologies  offered  in  33,  researchers  commonly  use  the 








surfaces of minerals  including quartz,  in particular  in presence of  carbon dioxide and often  in  the 
context  of  carbon  geo‐sequestration  39‐51.  Theoretical  studies  have  explored  possible  surface 
structures and predicted contact angles in CO2 environment on pristine 41 and hydroxylated 43 surfaces, 
as well as the dependence of the contact angle on the degree of hydroxylation 45. Chen 47 studied the 


















can  be  dramatically  altered  (lowered)  even  by  minute  concentrations  of  chemisorpt  organics, 
consistent  with  experimental  data  3,  which  has  serious  implications  for  the  carbon  geo‐storage 
capacity and security. 
Computational Details 









the  Nose‐Hoover  thermostat  and  barostat  66‐67  with  the  relaxation  constants  0.05  and  0.5  ps, 





surface and  the SPC water  70 were modelled with parameters of  the CLAYFF  force  field  71. Carbon 
dioxide was represented by the EPM2 model 72. Chemisorpt pentyl groups were simulated with the 
DREIDING  force  field  73. Ab‐initio DFT calculations were used  to  rationalize parameters applied  for 
coupling the CLAYFF and the DREIDING force fields, specifically the charges on atoms of the OC bond 
connecting the hydrocarbons to quartz. 














Atomic species  A, A12kcal/mol  B, A6kcal/mol  q, e  m, amu 
C (CO2)  4.31282104  9.82063101  0.6512  12.0107 
O (CO2)  3.87857105  4.98236102  ‐0.3256  15.9994 
4 
Atomic species  A, A12kcal/mol  B, A6kcal/mol  q, e  m, amu 
O (H2O)  6.29342105  6.25459102  ‐0.82  15.9994 
H (H2O)  0  0  0.41  1.0079 
Si (SiO2))  1.23698101  9.5428810‐3  2.1  28.0855 
O (SiO2 bridging)  6.293422105  6.254591102  ‐1.05  15.9994 
O (SiO2 hydroxyl)  6.293422105  6.254591102  ‐0.95  15.9994 
H (SiO2 hydroxyl)  0  0  0.425  1.0079 
C (O‐C5H11)  1171341.71  667.516584  0 (0.338301)*  12.0107 
H (O‐C5H11)  17198.6333  32.3369279  0  1.0079 
O (O‐C5H11)  232115.998  298.083888  ‐0.863301**  15.9994 
*charge on  carbon of  the OC bond  is  shown  in  brackets  (estimated on basis  of DFT  calculations); 
**estimated on basis of DFT calculations. 
Parameters in Table 1 correspond to the following analytical expression for the potential (U) 74: 













𝐴௜௝ ൌ ට𝐴௜𝐴௝,  
𝐵௜௝ ൌ ට𝐵௜𝐵௝, 
where i and j are indices of the unlike atoms. 
Apart  from  the  rigid  bodies  all  bonds  and  angles  were  treated  explicitly  using  bond  and  angle 
potentials. The energy of every bond stretch was described by a harmonic relationship 74: 




Species i  Species j  k1, kcal/mol/A2  r0, A 
O (SiO2 hydroxyl)  H (SiO2 hydroxyl)  1108.2698  1.0 
C (O‐C5H11)  H (O‐C5H11)  700.0  1.09 
5 
Species i  Species j  k1, kcal/mol/A2  r0, A 
C (O‐C5H11)  C (O‐C5H11)  700.0  1.53 
C (O‐C5H11)  O (O‐C5H11)  700.0  1.288 
Si (SiO2)  O (O‐C5H11)  700.0  1.455 
The  Si‐O‐H  angles  ()  of  attached  to  the  quartz  surface  hydroxyl  groups  were  restrained  by  the 
harmonic potential 74: 













Torsion  of  all  intramolecular  dihedral  angles  ()  of  the  O‐C5H11  groups  were  modelled  and 
parametrized according to the cosine potential 74: 


































rest  of  the  hydroxyl  hydrogen  charge  assigned  to  the  oxygen  of  the  OC  bond  makes  the  atom 
approximately 90% as negative  (‐0.863301 e) as  the hydroxyl oxygen  (‐0.95 e) of  the CLAYFF  force 
field. This 90% proportion aligns well with results of the Bader charge analysis where the charges on 






























To  explore  the  influence  of  different  alkyl  group  surface  concentrations  on  the  contact  angle,  a 
uniform  alkylation  of  the  hydroxylated  quartz  surface  was  applied  according  to  the  cumulative 
sequence illustrated in Figure 2. The hydrogen atom of the geminal silanol group, which is not involved 
in formation of the strong hydrogen bond 11‐13, was replaced with a pentyl (C5H11) group. The resulting 



































Uniformly  distributed  carbon  dioxide  and  water  molecules  were  pre‐equilibrated  at  300 K  in 
100x104x60  and  in  50x50x50 A  boxes,  respectively.  Water  density  was  taken  to  be  1000 kg/m3. 




























all water molecules of  a  snapshot.  The  cylinder was  then divided  into  thin disks dH,  see Figure 7. 








The  choice of  dH  and dR  is  a  trade‐off  between  two  factors.  Very  small  values  result  in  only  few 
molecules  present  within  the  ring's  volume,  which  is  also  too  small.  The  small  number  in  the 
denominator in the density calculations in turn results in data scattering and significant errors. Very 
large values on  the other hand smooth  the density  too much, which  removes details and  reduces 
accuracy. The following protocol was applied to substantiate the used values. Starting with 0.25 A for 
the dH and dR they were then increased one after another in 0.25 A steps until the algorithm became 




of  the  iso‐density  plot, which  is  the  vertical  axis  passing  through  the  centre  of mass  of  all  water 
molecules of the simulation snapshot. The BFGS algorithm 84‐87 was applied to find the minimum of a 
sum of absolute differences between the data points and the circle's profile. The theoretical and the 


















































floats  freely  in  the CO2  phase.  For  concentrations  higher  than 3.182  groups/nm2  (surface  number 
higher than 11), the dimensions of the simulation box become too small for the droplets' motion and 




























































To account  for mentioned effects  in quantitative description of  the wettability of alkylated quartz 
surfaces we introduce the following parameters, see Figure 12. The theoretical contact angle (T), the 
contact angle of a spherical water droplet (spherical cap) at the level of quartz surface. The apparent 









































































































































































  Zone 1  Zone 2  Zone 3  Zone 4 
Pentyl concentration, 
groups/nm2 
0.289‐0.579  0.868‐1.447  1.736‐2.314  2.604 and 
higher 
Surface, number  1‐2  3‐5  6‐8  9 and higher 
Theoretical contact 
angle, degree 
22.01‐40.33  89.90‐122.37  173.98‐180  180 
Apparent contact 
angle, degree 
15.40‐31.54  77.30‐105.49  143.13‐177.88  180 
The numerical values of the theoretical and apparent contact angles predicted here follow the same 




this  study, where  the  contact  angle  rapidly  increased  in  the  range  of  small  pentyl  concentrations 
(0.289‐2.314 C5H11/nm2) from 15 to 180. 
An  elaborate  analysis  of  the  hidden  contact  angle  reveals  an  even  more  detailed  picture  of  the 
processes occurring on the quartz surface. The hidden contact angle clearly demonstrates that surface 
9 and the corresponding pentyl concentration (2.604 C5H11/nm2) represent a transition concentration 








2.025 and 2.314 C5H11/nm2  (surfaces 7 and 8)  the hidden contact angle  is almost 30.  It  increases 
further to slightly more than 60 at 2.604 C5H11/nm2 concentration (surface 9). Interestingly, the value 
































alkylated  quartz  surfaces  changes  from  homogenous  to  the  heterogeneous.  To  do  so  let  us  first 
consider the basic equation of the Cassie‐Baxter model 88: 
𝑐𝑜𝑠𝜃஼஻ ൌ 𝑓ଵ𝑐𝑜𝑠𝜃ଵ ൅ 𝑓ଶ𝑐𝑜𝑠𝜃ଶ, 
where CB is the Cassie‐Baxter contact angle; f1 and f2 are the area fractions for surface components 1 
and 2, for which the contact angles are 1 and 2, respectively. 
The  first  surface  component  in  our  case  is  the  fully  hydroxylated  quartz  surface  for  which  we 
approximate  the  contact  angle  with  the  average  hidden  contact  angle  (9.81)  at  low  pentyl 
concentrations  1.736  C5H11/nm2  (surface  6)  and  smaller.  The  second  surface  component  is  the 
alkylated quartz surface with minimal pentyl concentration for which the contact angle becomes equal 
to 180.  The Cassie‐Baxter  contact angle  is  the apparent  contact  angle  characterised  in  this work. 
Taking into account the relationship between the area fractions (f2=1‐f1), the following expression can 
then be obtained: 






amount.  When  there  are  eight  groups  within  the  unit  cell  (surface  8)  the  fraction  becomes 















pentyl  groups  is  performed.  Considered  concentrations  of  the  alkyl  groups  vary  from  0.29  to 
4.63 C5H11/nm2. It is shown that when the surface density of pentyl groups is increased from 0.29 to 
3.18 C5H11/nm2 the contact angle of a water droplet changes from 10‐20 to 180. 






increases  to  180.  We  call  such  a  behaviour  the  binary  wettability,  when  the  surface  is  either 
hydrophilic  or  extremely  hydrophobic,  with  intermediate wetting  regime  observed  only  in  a  very 
narrow range of the surface pentyl density of 0.29 C5H11/nm2. We conclude that this binary wettability 
of  alkylated  quartz  surface  originates  from  the  steric  effects  preventing  water  molecules  from 
reaching the quartz surface. 
The theoretical and the apparent contact angles are determined as the contact angles of the spherical 




(water wet zone)  the pentyl density  is  in  range 0.289‐0.579 C5H11/nm2, and the contact angle  is  in 
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Concentration of pentyl groups per square nm
S2 
Water Iso-Density Charts for Surfaces 1 Through 11 
 
Figure S2. Water iso-density chart for quartz surface (surface 1) with concentration of pentyl groups 0.289 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S3. Water iso-density chart for quartz surface (surface 2) with concentration of pentyl groups 0.579 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S4. Water iso-density chart for quartz surface (surface 3) with concentration of pentyl groups 0.868 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S5. Water iso-density chart for quartz surface (surface 4) with concentration of pentyl groups 1.157 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S6. Water iso-density chart for quartz surface (surface 5) with concentration of pentyl groups 1.447 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S7. Water iso-density chart for quartz surface (surface 6) with concentration of pentyl groups 1.736 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S8. Water iso-density chart for quartz surface (surface 7) with concentration of pentyl groups 2.025 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S9. Water iso-density chart for quartz surface (surface 8) with concentration of pentyl groups 2.314 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S10. Water iso-density chart for quartz surface (surface 9) with concentration of pentyl groups 2.604 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 
the tip level of the pentyl groups is shown with the dashed line, the dotted line illustrates the planar projection 


















Figure S11. Water iso-density chart for quartz surface (surface 10) with concentration of pentyl groups 2.893 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 


















Figure S12. Water iso-density chart for quartz surface (surface 11) with concentration of pentyl groups 3.182 
C5H11 per square nm. The iso-density data points are shown with blue dots, fitted circle is shown with blue line, 

















Simulation Snapshots for Surfaces 1 Through 11 
 
Figure S13. Simulation snapshot of the quartz surface with pentyl concentration 0.289 groups per square nm 
(surface 1). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
S14 
 
Figure S14. Simulation snapshot of the quartz surface with pentyl concentration 0.579 groups per square nm 
(surface 2). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S15. Simulation snapshot of the quartz surface with pentyl concentration 0.868 groups per square nm 
(surface 3). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S16. Simulation snapshot of the quartz surface with pentyl concentration 1.157 groups per square nm 
(surface 4). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S17. Simulation snapshot of the quartz surface with pentyl concentration 1.447 groups per square nm 
(surface 5). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S18. Simulation snapshot of the quartz surface with pentyl concentration 1.736 groups per square nm 
(surface 6). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S19. Simulation snapshot of the quartz surface with pentyl concentration 2.025 groups per square nm 
(surface 7). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S20. Simulation snapshot of the quartz surface with pentyl concentration 2.314 groups per square nm 
(surface 8). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S21. Simulation snapshot of the quartz surface with pentyl concentration 2.604 groups per square nm 
(surface 9). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S22. Simulation snapshot of the quartz surface with pentyl concentration 2.893 groups per square nm 
(surface 10). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S23. Simulation snapshot of the quartz surface with pentyl concentration 3.182 groups per square nm 
(surface 11). View along x axis: top left; view along y axis: top right; view along z axis: bottom left; isometric 
view: bottom right. The sphere fitted to the iso-density chart is illustrated in light purple color. The surface is 
illustrated with square in light yellow color. Water molecules and pentyl groups are shown in VDW 
representation, white balls - hydrogen atoms, red balls - oxygen atoms, light blue balls - carbon atoms. 
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Figure S24. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 0.289 groups per square nm (surface 1). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
Figure S25. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 0.579 groups per square nm (surface 2). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
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Figure S26. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 0.868 groups per square nm (surface 3). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
Figure S27. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 1.157 groups per square nm (surface 4). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
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Figure S28. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 1.447 groups per square nm (surface 5). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
Figure S29. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 1.736 groups per square nm (surface 6). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
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Figure S30. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 2.025 groups per square nm (surface 7). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
Figure S31. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 2.314 groups per square nm (surface 8). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
Figure S32. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 2.604 groups per square nm (surface 9). View along x axis: left; view along y axis: right. The 
S28 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
Figure S33. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 2.893 groups per square nm (surface 10). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
Figure S34. Side views of a water droplet on the quartz surface with removed pentyl groups for pentyl 
concentration 3.182 groups per square nm (surface 11). View along x axis: left; view along y axis: right. The 
sphere fitted to the iso-density chart is illustrated in light purple color. The surface position is indicated by the 
lowest laying water molecules. Water molecules are shown in VDW representation, white balls - hydrogen 
atoms, red balls - oxygen atoms. 
 
